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Introduction and Mathemsticzl inalysis

Methods of measuring the radio fregquency scattering properties of the
lunar surface are limited to the backscattering case because of the require-
ment that the transmitter and receiver be in essentially the same direction
relative to the scattering point on the lunar surface. As a consequence of
this limitation, it is not possible to obtain a satisfactory estimate of
the scattering law of the surface in which varying angles of incidence and
scattering are taken into account.

As a method of overcoming this limitation, it is proposed to utilize
sclar radic frequency emission as the energy source and to measure the
scattering of this radiation by the lunar surface. Because of the variations
in the relative positions of the sun, moon, and earth which occur as the
mocn goes through its phases, a wide range of scattering angles can be
cbtained. Also, a wide frequency range is available as a result of the
broad spectrum of sclar radiation. By measuring the reflection ccefficient
of +the lunar surface as a functien of angle of incidence, frequency, and
polarization, it may be possible to obtain much more satisfactory estimates
of dielectric constant, conductivity, and roughness of the lunar surface.

Before discussing the details of the detection method we are proposing,
it might be worthwhile to examine the magnitude of the power involved here.

In order to obtain some insight into the prdblem, consider first a case
where the moon is represented as a collection of stationary scatterers. If
x{t) is the signal from the sun and 8, is the net scattering coefficient of
the scatterers whose signals are received with delay Ty relative to the direct

signal from the sun, then the received signal is given by

- (+.
y(t) —Z a, x(t-7,)
k
the crosscorrelation of y(t) and x(t) is found to be:




T = —T\,
R (') ’&.KR (T v 4

=1

The crosscerrelation functicn is therefore a sum of terms, each of which is
a reproduction of the correlation function of x(t) located at a particular
delay Ty and having an amplitude determined by a particular scattering co-
efficient, 8 - The coefficients & can be related to the power reflecting
properties of the scatterer and for the case of wideband noise -- such that
Rxx(?) is zero except when T = O -- it is found that the mean square value

of the received signal is related tc the scattering coefficients by:

2 a4 N 2
() = r (o) a
K
Since Rxx(c) is the mean square value of the transmitted signal, i.e., the

z2 . < .
transmitted powers, it follows thsat a, 1is the net power reflection coefficient

corresponding to delay 1, and can be related to the range, antenna gain, surface

k

reflection coefficients and other parameters.

When motion of the scatterers is taken into account, the problem bvecomes

b}
3]

considerably more complicated. or this case it is found that the cross-

¢

correlation of the transmitted (i.e., solar) signal and reflected {i.e., lunar)

signal leads to the following expression.
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v, = velocity of ¥th scatterer
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c = veioccity of light
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In a practical correlator the time correlation function will be
measured and this is related to the time average of the ensemble correlation
function. It is seen that the encertie correliation function given above 1is

a Munction of time and so its time average will depend on the form of

15]

“Xx(x). if RXX(T) is oscillatory, as in the case of bandlimited noise, then

st

the time average will be zero and the correlator output would be zero. By
correlating with a modified function, z = x(%mt - 1), a more useful result

v

is cbtained. Vvhat this amounts to

[

pte

s using a correlstor with a continucusly

varving delay riven by 7 = 7_ + {1 - 2 )i. Computing the correlation
= o m

Sunetion for this case gives:
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This correlation function will have a time average of zero for all Sk 3 .

“owever, by setting 7 = X the time averaze becomes:

«

- fr = vy /.r -7 Y
TZ 0 oo XX m o’
. & practical mezsurement x{t) can be reprecented as bandlimited white

noise in which the bandwidih, w cps, is Jdetermined by the receiving system.

Ii' tre mean sguere value of the noise is ox°, thie spectral density will be

) = 0. " /7w. If the receiver bandwidth has a center frequency of fo,
“1e corresponding sutocorreiztion funciion will be given by:

27 sin mwt 7 -

; - : os nf T
XX X Wt i C

;- 1 shows a picterisl representaticn of the spectral density and the
ocorrelation function of x{L). For mcst cases of interest, the bandwidth,
v, will be smalil compzred to the center lreguency, fo. Accordingly, there
will be a number of oscillations of cos (ExfOT) in the interval btefore the

o -

first zero cf 3YX(‘) which occurs at v = 1/w.
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Substituting the expression for ny(r) into the equation for Ryz(To) gives:
2 14

sin mw{x - 1 )

o ‘o 1 cos 2n?f

kwlfm -7 B o(Tm

Ryz(ro> = bm % L

- 7))

Ir (Tm - To) is small compared to the reciprocal of the bandwidth -- i.e.,

if the correlator delay is set to correspond closely to some particular locus
of constant time delay on the lunar surface -- then the (sin x)/x factor in
the above equation can be approximated as unity, and the crosscorrelation
function becomes:

-~

2
R (T = Db cos 2nf (1_ -7
yz( o) m “x o( m o)
A similar approximation cannot be made for the cosine function, since in a
. . 10 .
practical case fo might be 10 cps and, accordingly, (Tm - ro) would have to
-1C .
be much smaller than 10 in order for the function cos ano(rm - TO) to be
near unity. If there were an uncertainity in (Tm - To) in the order of one
. 10 . .
part in 10 , then the cos ano(rm - To) might have any value from +1 to -1,
and no correction would be possible. This difficulty can be overcome by
employing a correlator which neasures the envelope, Ro(Tm - 10), of the
correlation function rather than the total correlation function. In this
way the necessity for the precise adjustment of Tm = To will be avoided and
the correliator output will be:
2

b Ro(u) = b Rxx(O) =b o, -

Correlator Design

The correlator design that has evolwed is an extension of the polarity
coincidence type which has been used successfully by other experimenters. The
extension is in several directions: a narrow sampling gate permits correlation
of wideband signals using a low sampling frequency; an additional channel is
included in the correlator to permit measurement of the envelope of the
correiation function; a vernier differential delay between samplers is provided

to sllow the delay time to be controiled to a fraction of the repetition period

and to be varied as a function of time.
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The basic correlator bloecx disgram is shown in Fig. 2. The operation
is as follows. The input siznals from the sun and moon are received in
separate receivers with separate antennas. Each signal is heterodyned from
a bandpass signal at the receiver center frequency down to a low pass video
signel. CSeparate local oscillators are used with a frequency displacement
corresponding to the desired delay rate; and in the case of the signal from
the moon, a dual mixer is used which provides two signal channels in
quadrature with each other. The signals are then passed through a wideband
clipper that preserves the zero crossing information, and are periodically
sampled with a very narrow pulse to determine whether the signals are positive
or negative at the sampling instant. Clock frequencies for the two samplers
are different by an amount corresponding to the desired delay rate. The
rezult of each sampling operation is coded as a binary digit by the pulse
generator which produces a positive pulse for a positive sample and no pulse
for a negative sample. The pulse train from the sun channel is then delsayed
an amount T and correlated with each oo the two lunar channeis in the
poiarity cocincidence circuitry and counters. The normalized crosscorrelation
coefficient of the clirped signals in each channel is the net change in the
counter for that channel divided by the total number of counts. Combining the
two correlation cocef{ficients in this fashion gives the amplitude of the
envelope of the correlation function. A detailed derivation of the mathematical
relationships for the correlator has been carried out.

Cne of the major problems in the correlator is that of obtaining the
large initial delay required to bring the direct solar signal into time
synchronization with the lunar reflected signal. The magnitude of this delay
is zhown in Fig. 3. It was primearily for the purpose of solving this problem
that a sampled system with digital processing was selected. After the

incoming analog signals are clipped, sampled, and converted to binary digits,
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the signals in the sun channel must be delayed before the correlation function
can be computed. This delay can be accomplished by delay lines, shift registers,
magnetic core buffers, or other straightforward methods for the digital signals.
It is virtually impossible to delay the original analog signals due to <he

long delay times (0.5 to 2 sec.) and the large bandwidths (180 me). In practice,
it is planned to record the signals at the output of the pulse generators on

rma;metic tape and carr: out the remainder of the processing subsequent to the

nctunl date soguisition. Convenilional dicitel circuitry is used in th
correlator in order to sirrlify sny interface provlems with the 2igital delay

5 ~ T —~ 3 ~ -
e oy we o  Lie veriance
. N . R
ir e ouimut s oy T Tie correiztor

citTuL o osn wmblice? esilnmzte of the envelope of the nomalized crosscorrelation

“unetion of the input sirmals. This, in iturn, gives an unbiased estimate of the

P

sc:ttering parameter br1 as cllows:

* :;ﬁyTY - N
b -:_‘_‘.ﬂ 1)
n Z o~ Yuxe /
¥
where:
¥ .
b = eztimate of b
n n
o T rms valve of ncise in lunar channel
3
o, = TES value of solar signal
* » o~ . - -
Puxe = estimate of normalized crosscorrelation function.

The variance of this estimate is found to be

-
a3 I
*_ o -
Var b | = (;)L (—E) %
m 2 - N

wrere N is the number of samples used in making the estimate. Fig. 4 shows a
piot of signal-io-noise ratlio improverent versus number of samples. TFor
t pical signal levels snd receiver ncise tigures, it is expected that N will be

i 6 i - o e . .
in the order of 10U to give gfood estimates of ihe scattering parameters.
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nterpretation of Measurements

The correlator output, when muitiplied by the rms values of the lunar
~hannel signal and the sun channel signal, gives a direct measure of the signal
reflected with the delay and delay rate set in the correlator. The expression

2 2
for the signal is bk 7, where bk is, for all practical purposes, the fraction
of the power in the solar signal reflected with a delay Ty and delay rate (1 - Bk).
. 2 cq s .
Thic value of bk can be related to more familiar measures of scattering by
defining a radar scattering cross-section, ~, , and equating the received power
2
as expressed in terms of a, =~ and Tyt If wve let W be the power per unit area
of the solar signal as received on earth, then the power per unit area at the

moon would be essentially the same. The signal scattered from the moon and

received at earth with an antennsa of gain G would be

wavelength

i

~ s, ~ 2
< ® G A
w | = ) (= ) where: 2
s Ly Dec 4q
distance from moon to
earth

D
e

i

This power can be equate” "« iiie power expressed in terms of bk as:

2 2 2 6 °

z by

2
Ty Gx

b “ =
k 2
(bn De)

The meagured variation of ~, with angle of incidence and angle of scattering

K
will allow precise determination of the scattering law of the lunar surface.
Yeasurements at various polarizaticns and frequencies will provide further data
upon which to compute the dielectric constant and other parameters of the lunar
surface.

Measurement of the scattering coefficient for regions away from the
specular reflecting point will provide data on the roughness of the surface

and should permit more definite conclusions to be drawn than are possible with

the backscatter data of active radars.
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The resclution of details on the lunar surface is directly related to
the capability of the correlator to separate various delays and delay rates.
The resolution of delays is inversely proportional to the bandwidth of the
correlator and, for a bandwidth of 30 mc, permits a theoretical resolution
away from the lunar equator of less than 10 meters. Near the equator the
resolution is substantially less. The resolution of delay rates is propor-
tional to the integration time and can be increased by increasing this time.
As the integration time is increased, however, the stability requirements on
the local oscillator and clock frequencies also increase.

Fig. 5 shows the grid produced by intersection of loci of constant delay
and loci of constant delay rate. The variation in delay rate over the lunar
surface is due primarily to rotation of the moon and is superimposed on the
large delay rate common to all points on the surface resulting from orbital
motion and rotation of the earth. The delay rate resolution and antenna beam-
width will determine how much of a particular locus will contribute to the net
signal obtained after intesration. The specularly reflected signal occurs at
the minimum delay and accordingly corresponds to an essentially constent delay
locus. Therefore this signal can be resclved independently of the delay rate
resolution. It is this component that is expected to give the largest signal
and which will provide the most accurate data on the eifects of angle of
incidence, polarization, etc.

Present Status and Future Work

The various components of the correlator have been assenbled and tested
with the exception of local oscillators and tepe recorder. It is planned that
future work will include programming the IBM 70% computer to handle the data
delay and computation of the correlaticn functions for the early experiments.

e correlator hardwere will be assembled and tested by the summer of 1%65,
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=nd it is hoped tc obtain experirmental data durinz the summer and Tall.
"eoretical ciudles are continuines Lo investigate the neture of scettering
fros vousi: suriaces and tle efents of a2 distributed source on tie
meastured correlation function. Ti is planned that a detailed swmmary

report will be issued to ccver the technical aspects of this program in

meore detail.




